1. Introduction {#sec0001}
===============

Inulin, a storage carbohydrate in plants such as chicory, Jerusalem artichoke and dahlia, is composed of linear chains of ß-(2-1) linked fructose residues terminated by a glucose residue. It can be hydrolysed by endo-inulinases in short-chain fructoinulooligosaccaharides (FOS). Over recent years, different applications of inulin have sparked great interest for the production of ethanol, fructose syrup or inulooligosaccharides (IOS) used as prebiotics in food industries such as those producing baked goods, milk desserts and chocolate \[[@bib1],[@bib2]\]. The positive effects of IOS on human health have been widely described \[[@bib3]\]. Major IOS obtained after inulin hydrolysis with endo-inulinase show a degree of polymerization of 3 or 4.

Inulinases belong to glycoside hydrolase family 32 (GH32) and can be divided into exo- and endo-inulinases. Exo-inulinases (EC 3.2.1.80) cleave the terminal fructose whereas endo-inulinases (EC 3.2.1.7) hydrolyse inulin by endocleavage, producing fructo oligosaccharides consisting mainly of inulotriose and inulotetraose \[[@bib4],[@bib5]\]. This means that these enzymes hydrolyse inulin between the third and fourth residues. Classically, random attack of inulin by endo-inulinase yielded principally inulotriose (F3) and inulotetraose (F4) in equal amounts.

In the GH32 family, three acidic residues, an aspartate or a glutamate in the WMN(D/E)PN motif, an aspartate in the RDP motif and E in the ECP motif have been identified as the essential residues for enzyme activity based on mutational and/or crystallographic data \[[@bib6; @bib7; @bib8]\]. They are respectively a catalytic nucleophile, a transition state stabilizer and a general acid/base catalyst \[[@bib7]\].

The difference in the mechanism of action between exo- and endo-inulinases is thought to be due to a larger pocket in the endo-enzymes \[[@bib9]\]. Recently, we described the 3D structure of endo-inulinase INU2 from *Aspergillus ficuum* and identified an enlarged cavity compared to exo-inulinase formed by the conserved motif W-M(I)-N-D(E)-P-N-G, the so-called loop 1 and loop 4. These two loops among the four identified are conserved among all the endo-inulinases with known amino acid sequence. Docking studies of the substrate-like kestopentaose revealed five subsites and their constitutive residues \[[@bib10]\]. Based on these recent results, we investigated the importance of 12 residues, located around the catalytic pocket, on the activity and specificity of INU2 from *A. ficuum*. The effect of each mutation on the enzyme activity was characterized. Most affected the enzyme activity, while one in particular changed the size distribution of the FOS synthesized.

2. Materials and methods {#sec0002}
========================

2.1. Strains, plasmids, and culture conditions {#sec0003}
----------------------------------------------

*Escherichia coli* DH10B (Gibco BRL) was used as the host strain for plasmid amplification. *Pichia pastoris* X-33 (Invitrogen, Leek, Netherlands) was used for the expression of recombinant endo-inulinases.

The plasmid used in this study was pPICZαA \[[@bib11]\] for expression in *P. pastoris*.

*E. coli* strains were grown at 37°C in low-salt Luria--Bertani (LB) medium (DIFCO) containing 100 μg/ml ampicillin for selection of recombinant clones.

*P. pastoris* was grown in flasks shaken at 30°C in buffered YEPS medium containing 1% yeast extract, 2% peptone, and 1% sorbitol. The transformants were selected on the appropriate medium containing 25 μg/ml zeocin. Recombinant cultures of *P. pastoris* were grown in flasks at 30°C in BMGY and BMMY media containing 1% yeast extract, 2% peptone, 100 mM potassium phosphate at pH 6.0, 1.34% YNB, 4 × 10^−5^ % biotin and 1% glycerol or 0.5% methanol.

2.2. Recombinant DNA techniques {#sec0004}
-------------------------------

Standard recombinant DNA techniques (preparation and transformation of competent *E. coli* cells, DNA cloning, restriction enzymes digestion, ligation) were performed according to published procedures \[[@bib12]\].

2.3. Site-directed mutagenesis {#sec0005}
------------------------------

All mutations were performed using the "quickchange^®^ site-directed mutagenesis kit" (Stratagene). The mutagenic primers used to produce the desired gene alteration based on the induced amino acid alterations (mutated bases shown in bold) are shown in [Table 1](#tbl0001){ref-type="table"}. Beckman Coulter Genomics performed the sequencing.

A molecular model of the N42G mutant was built from the X-ray structure of the wild-type enzyme (PDB: [3SC7](http://www.rcsb.org/pdb/explore.do?structureId=3SC7){#inter-ref001}). The EsyPred3D program was used \[[@bib13]\].

2.4. Expression of recombinant and wild-type enzymes {#sec0006}
----------------------------------------------------

*P. pastoris* X-33 cells were transformed by electroporation with 10 μg of *Sac*I-linearized plasmid DNA carrying wild-type or mutated endo-inulinase encoding genes. Freshly transformed cells were plated onto solid YEPS medium containing 25 μg/ml zeocin. Positive transformants were checked for the endo-inulinase gene by PCR analysis. Recombinant cultures were grown in flasks (shaking at 150 rpm) at 30°C in 10 ml of BMGY medium for 1 day, reaching A600 = 2.0--6.0 (approximately 16--18 h). The cells were harvested and resuspended to an A600 of 1.0 in 50 ml of BMMY medium. Methanol (100% v/v) was added to the cultures to a final concentration of 0.5% (v/v) every 24 h to maintain induction. Proteins were recovered from the culture supernatants by centrifugation at 4000 rpm for 20 min and then filtered on 0.22 μMillipore filters (Millipore).

2.5. Inulinase purification {#sec0007}
---------------------------

After filtration, supernatant was dialyzed at 4°C in 10 mM phosphate buffer at pH 7.5. The resulting enzyme was applied to a DEAE sepharose CL-6B column pre-equilibrated with the same buffer. Endo-inulinase was eluted with a linear gradient of NaCl from 0 to 500 mM in the same buffer. The protein was then dialyzed against a 50 mM sodium acetate buffer (pH 5.0) in order to keep the protein in its optimal conditions. The purity of the protein was checked on SDS--PAGE stained with Coomassie Blue.

2.6. Enzymatic determination {#sec0008}
----------------------------

### 2.6.1. Plate assay {#sec0009}

An inulin-agar plate was prepared with 20 mM phosphate buffer (pH6) containing 4% inulin. Equal amounts of proteins from the *P. pastoris* supernatant were spotted onto the inulin-agar plate and incubated at 50°C for 12 h.

### 2.6.2. Spectrophotometric assays {#sec0010}

Inulinase activity was assayed by measuring the amount of reducing sugars released from inulin using Somogy--Nelson\'s method \[[@bib21]\]. The reaction mixture was composed of 60 μl of suitably diluted protein, 440 μl of 4% inulin from a solution of dahlia tubers (Sigma Chemical Co.) in 50 mM phosphate buffer at pH 6. The reaction was carried out for 10 min at 50°C. Inulinase activity was determined spectrophotometrically by recording the increase in optical density (OD) at 520 nm.

### 2.6.3. Thin-layer chromatography assay {#sec0011}

Thin-layer chromatography (TLC) was carried out on silica gel 60 plate. The plates were developed at room temperature for 2 h with a solvent system of ethyl acetate--acetic acid--water (2:1:1 vol/vol/vol). The sugar spots were visualised by spraying the plates with 5% sulfuric acid in methanol and heating them at 100°C for 3 min.

### 2.6.4. Kinetic analysis of inulin hydrolysis by N42G mutant and wild-type enzyme {#sec0012}

Kinetic assays were performed using wild-type endo-inulinase at a final concentration of 0.6 μg ml^−1^ and N42G mutant at a final concentration of 9 μg ml^−1^. The reaction was carried out for 48 h. Samples were taken after 0.1, 0.5, 2, 5, 22, 30 and 48 h. After 48 h of incubation, the mutant sample was separated into three samples. Wild-type enzyme was added to the first, one mutant enzyme to the second, and one inulin to the third. The same proportions as described above were used. After 5 and 12 h, aliquots were taken. The amount of equivalent fructose was determined by Somogy--Nelson\'s method \[[@bib21]\]. The hydrolysis products were analysed in parallel by TLC.

3. Results {#sec0013}
==========

3.1. Structural localization of different mutations and site-directed mutagenesis {#sec0014}
---------------------------------------------------------------------------------

Several residues located in the neighbourhood of the two catalytic glutamic acids, E43 and E233 \[[@bib5],[@bib14]\], and /or belonging to the substrate pocket \[[@bib10]\] may play a role in the catalytic mechanism of endo-inulinase leading to the cleavage of inulin to generate mainly inulotriose (DP3) during the late stage of the reaction \[[@bib15],[@bib16]\]. These residues (shown in [Fig. 1](#fig0001){ref-type="fig"}) are as follows: M41 and N42 in the WMN(D/E)PN conserved motif; P62, W67 and I70 from the so-called loop 1; N265 at the end of the so-called loop 3; R295 and D298 at the beginning of loop 4 and R175 from the conserved motif RDP. Residues Q59 and the F99 that are also found in the substrate cavity were also selected. These 11 residues were substituted in the wild-type enzyme by direct mutagenesis to a G or an A in order to potentially increase the size of the pocket. Finally, although this leads to highly decreased activity \[[@bib5]\], the catalytic E 43 in the conserved WMN(D/E)PN motif was replaced by a D that is a smaller residue and is conserved in most hydrolases from GH32, 43, 62 and 68 \[[@bib14]\].

3.2. Comparative activity and specificity assays {#sec0015}
------------------------------------------------

Each mutant obtained was overexpressed in *P. pastoris* and the recombinant protein was efficiently recovered in the supernatant as previously described \[[@bib17]\]. After gel filtration on a PD10 column, the supernatants were analysed by SDS gel electrophoresis.

The concentration of proteins was determined and quantities of proteins between 0.5 and 10 μg were used in the spectrophotometric enzymatic assay. The wild-type enzyme was optimally active at pH 5 and 50°C. The 12 single mutants exhibited the same optimal pH and temperature as the wild type.

Activity was compared by plate, spectrophotometric and thin-layer chromatography assay. The experimental results from the plate and spectrophotometric assays led to class the mutants into 3 groups ([Fig. 2](#fig0002){ref-type="fig"}, [Table 2](#tbl0002){ref-type="table"}). In the first group, mutants R175A, P62G, Q59A, W67A showed \<2.5% of the wild-type activity. The activity of group 2, i.e. mutants E43D, F99A and N42G, was about 6% of the wild-type activity. The other mutants, I70A, M41A, D298 A, N265A and R295A in group 3 retained good activity, albeit lower than that of the wild-type enzyme.

The specificity of the different mutants was then analysed by thin-layer chromatography. The typical reaction mixture was incubated at 50°C for 22 h. Aliquots were taken after 6 and 22 h and analysed by TLC for the hydrolysis products. All the mutants showed a classical wild-type profile of hydrolysis with an equal amount of inulotetraose (F4) and inulotriose (F3), except for the N42G mutant that produced more F4 than F3 ([Fig. 3](#fig0003){ref-type="fig"}).

3.3. Hydrolysis kinetics of the N42G mutant {#sec0016}
-------------------------------------------

To study the basic reaction kinetics, N42G and the wild-type proteins were purified. The amount of the N42G mutant used was 15 times higher than that of the wild type in order to remain within a similar range of OD after reaction with 4% inulin. Aliquots of the reaction mixture were withdrawn periodically and analysed for the hydrolysis products by spectrophotometric methods and TLC. After 48 h, the hydrolysed products from the N42G mutant were enhanced in DP4 compared to those of the wild type enzyme. At that point, the sample was divided into three parts. In the first batch, the N42G enzyme was added but the OD did not change. In the second, wild-type enzyme was added. OD increased and the TLC revealed appearance of DP3 in conjunction with disappearance of DP4. When inulin was added, OD increased and DP4 was still the main product observed ([Fig. 4](#fig0004){ref-type="fig"}). These results show that the N42G enzyme is still active after 48 h, meaning that it is unable to hydrolyse more of its target. On the contrary, the hydrolysed product from N42G is still a substrate for the wild-type enzyme.

*In order to understand the particular behaviour of the N42G mutant, a molecular model was built from the crystal structure of the wild-type (WT) enzyme. This substitution does not change the global folding of the protein. Since the WT N42 side chain points to the centre of the catalytic site, its removal clearly induces the enlargement of the substrate cavity, which is then less obstructed to stabilize* F4, the major product of inulin hydrolysis of the mutant.

4. Discussion {#sec0017}
=============

Multiple analyses of ligand-bound structures and site-directed mutagenesis experiments were performed to identify key residues in substrate binding and recognition in the GH32 family and GH68 and particularly in invertases and exo-inulinases.

Until now, in endo-inulinase enzymes, except for catalytic residues E43, D176 and E 233 that have been well characterized, only residue W40 has been described as essential \[[@bib5]\]. Specific cleavage of inulin by endo-inulinase has been shown to form inulotriose and inulotetraose in equal amounts. The role of conserved residues around or in the catalytic site on the specificity of the cleavage was examined here. These residues were chosen based on the recently determined crystal structure of INU2 from *A. ficuum* \[[@bib10]\].

Those that were most affected in their total activity were the group 1 mutants, i.e. R175A, P62G, Q59A and W67A. Residue D176 is conserved and present in the active sites of fructan metabolizing enzymes and in invertases. The mutation of R175 from the RDP motif into A resulted in a complete loss of activity as already described by Chen et al. for invertase \[[@bib18]\] and by Kuzuwa et al. for *Lactobacillus casei* exo-inulinase \[[@bib19]\]. In *Arabidopsis thaliana* cell wall invertase (AtcwINV1), this same residue, R148, together with N149, W82 and D239, was reported to play a role in stabilization of the fructose ring \[[@bib20]\]. A similar role of substrate binding orientation is proposed for endo-inulinase. R175 was actually observed to form an H bond in subsite +2 with the substrate analogue \[[@bib10]\].

Proline residues can act as structural disruptors of helices, and as turning points in sheets. P62 lies at the beginning of loop 1, which has been hypothesized to be responsible for enlargement of the endo-inulinase catalytic site. P62G is therefore thought to modify the conformation of loop 1, therefore changing the position of W67 thought to stabilize the substrate in the enlarged cavity. W67A also showed less than 2.5% of wild-type activity. This highlights the importance of the conformation of loop 1 for the specific activity of endo-inulinase. The corresponding residue in *Thermotoga maritima* invertase, F74 (*T. maritima* numbering), was reported to border on the fructose-binding pocket in *T. maritima* invertase. In addition, the same residue in *Bambusa oldhamii*, W159, replaced by an L or F residue and increasing the Km values for sucrose, confirms its role in fructose binding. Furthermore, W67, together with W40 and F99, forms an aromatic zone conserved at the rim of the active site among GH32 and GH68 families \[[@bib21]\]. It seems to be important for optimal and stable binding of sucrose in invertases, as described by Le Roy et al. \[[@bib22]\]. The known importance of W40 \[[@bib5]\] together with the experimental results on W67 and F99 therefore revealed the importance of this aromatic environment for the binding of inulin. In the endo-inulinase of *A. ficuum*or or the invertase of *A. thaliana*, W67 or 47 respectively, affects the activity more than mutations of F99 or W82 \[[@bib22]\].

The striking reduction in activity of the Q59A mutant confirms its importance in substrate binding at subsite −1 as is suggested not only by the structural data from INU2 \[[@bib10]\] but also from *Aspergillus awamori*\'s exo-inulinase \[[@bib23]\] and *Thermotoga maritima*\'s invertase \[[@bib24]\].

N42, E43, and F99, from group 2, were also previously shown to surround a substrate analogue in subsite −1. As a consequence, their respective mutants induced a large decrease in the relative activity. F99, which belongs to the aromatic zone discussed above, was less affected than W40 and W67. Mutant N42G results in a drastic drop in activity, but interestingly, this is accompanied by the ability to generate more F4 than F3. In all the other mutations, the F3/F4 ratio was unchanged compared to the wild type. This residue is therefore important for activity as well as product specificity. Based on the modelled structure of this mutant, we can hypothesize that the removal of the N42 side-chain leads to the enlargement of the catalytic site and/or may stabilize the substrate in a new orientation so that the enzyme can produce inulotetraose. In addition, replacement of the corresponding W271 residue preceding the nucleophile D272 in *Lactobacillus reuteri*, 121 fructansucrase, from the GH68 family also results in a change of specificity of this enzyme. Indeed, in the W271N mutant, larger fructans were produced compared to the wild-type enzyme, probably due to the difference in size between W and N \[[@bib25]\]. Moreover, in fructosyltransferase of *Allium cepa* of the GH32 family, substitution of the corresponding N84 by a G results in an inactive enzyme and the N84S mutant leads to a modification in its specificity. The mutant adds fructose residues preferably to a terminal fructose rather than to glucose although the wild type does both. Finally, N42G may also influence the positioning of E43, partly explaining the 15-fold decrease in activity.

E43, the nucleophile catalytic residue, was substituted by a D which contains a shorter side chain and is present in other glycosylhydrolases from families 32, 43, 62 and 68. The resulting specific activity is about 5% of the wild type, in agreement with the 1.1% residual activity reported previously \[[@bib5]\]. This underscores the importance of the orientation and distance requirement for nucleophilic attack. Although the D residue is smaller than E, no change in the size of the products was observed.

The activity of the third group composed of I70A, M41A, D298A, N265A and R295A was slightly affected. I70A activity was the most affected, which could be explained by its position in subsite −2 and loop 1, and its close contact with the second fructose molecule of the substrate analogue, as shown by the wild-type structure \[[@bib10]\].

N265A that is predicted to belong to subsite +1 does not affect the total activity. R295 is not located in the catalytic site and was shown to interact with or be close to a mannose molecule in an adjacent pocket. Therefore, its mutation does not significantly affect the enzyme activity.

In the crystal structure, M41A and D298A point outwards from the catalytic site. Their effect on the activity is yet not fully understood.

In conclusion, we have identified residues here that play a critical role in overall activity, including P62, W67, Q59 and R175. We have also found that N42 plays an important role in the specificity of hydrolysis. The mutation of N42 to G leads to the production of F4 as the major product of inulin hydrolysis. These results could lead to interesting applications in the context of the use of IOS as prebiotics in food industry applications such as baked goods, milk desserts, chocolate, and their positive effect on human health.
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![N-terminal part of the crystal structure of endo-inulinase INU2 from *A. ficuum* with the mutated residues indicated and coloured in purple. The two catalytic residues, E43 and E 233, are shown in yellow. The conserved W40, D175 and P176 are shown in grey. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr1){#fig0001}

![Inulinase activities of wild-type and mutant enzymes. Supernatants of *P. pastoris* carrying each recombinant plasmid were spotted onto agar plates containing 4% inulin 3D structure and incubated for 12 h at 50 °C.](gr2){#fig0002}

![Thin-layer chromatogram of hydrolysed inulin. (a) Inulin hydrolysed 22 h with endo-inulinase (A). 1, 2, 3, 4 lines are standard oses like fructose (F), kestose (GF2), 1,1-kestotetraose (GF3) and 1,1,1-kestotetraose (GF4). (b) Inulin hydrolysed after treatment for 6 and 22 h with the wild-type (A) and mutant (N/G) endo-inulinase (B). Inulotriose (F3) and inulotetraose (F4) were produced.](gr3){#fig0003}

![Analysis of N42G activity specificity (a) by following the appearance of reducing sugars at 590 nm. After 48 h of digestion of inulin with the N42G mutant, wild-type enzyme (circle) or the N42G mutant (square) or inulin (triangle) were added and the change of reducing sugar amounts was observed. (b) Thin-layer chromatography. The digestion products were produced by a first hydrolysis of inulin with the wild-type enzyme (A) or the N42G mutant (B, C). After 48 h, a second digestion was performed by adding wild-type enzyme (A, C) or the N42G mutant (B). Inulotriose (F3) and inulotetraose (F4) were produced.](gr4){#fig0004}

###### 

Oligonucleotides employed for mutagenesis. Forward (F) and reverse (R) sequences are shown with the mutations in bold letters.

  Mutant      Orientation   Sequence
  ----------- ------------- --------------------------------------------------------
  Inu M41A    F             ccggaccaatattgg**gcg**aacgagccaaacggcc
              R             ggccgtttggctcgtt**cgc**ccaatattggtccgg
  Inu N42G    F             gaccagtactggatg**gga**gagccaaacggcctg
              R             caggccgtttggctc**tcc**catccagtactggtc
  Inu E43D    F             ccggaccagtattggatgaac**gat**ccaaacggcctg
              R             caggccgtttgg**atc**gttcatccaatactggtccgg
  Inu Q59A    F             cctggcacctgttctt**tgc**gcacaatccgacggcc
              R             ggccgtcggattgtgc**gca**aagaacaggtgccagg
  Inu P62G    F             Ttctttcaacacaat**ggc**acggccaatgtatggggcaatatttgctgggg
              R             Ccccagcaaatattgccccatacattggccgt**gcc**attgtgttgaaagaa
  Inu W67A    F             ccgacggccaatgta**gcg**ggcaatatatgctgggggc
              R             gcccccagcatatattgcc**cgc**tacattggccgtcgg
  Inu I70A    F             ccaatgtatggggcaac**gca**tgctgggggcacgctacg
              R             cgtagcgtgcccccagca**tgc**gttgccccatacattgg
  Inu F99A    F             ggatgagaacggagtcgaagcg**gct**accggtaccgcc
              R             ggcggtaccggt**agc**cgcttcgactccgttctcatcc
  Inu R175A   F             cgggcggccttgagagt**gcg**gatccaaaggtattcttcc
              R             ggaagaatacctttggatc**cgc**actctcaaggccgcccg
  Inu N265A   F             ggatcccctgccggtggt**gcc**ggggtgctagctatcaccgg
              R             ccggtgatagctagcacccc**ggc**accaccggcaggggatcc
  Inu R295A   F             ggctggacaatggg**gct**gatttcgatggagctctgagc
              R             gctcagagctccatcgaaatc**agc**cccattgtccagcc
  Inu D298A   F             ggacaatgggcgtgatttc**gct**ggagctctgagctggg
              R             cccagctcagagctcc**agc**gaaatcacgcccattgtcc

###### 

Enzymatic activity of the wild-type and mutant inulinases. Enzymatic activities were determined by the Somogy method as mentioned in [Section 2.6.2](#sec0010){ref-type="sec"}. The relative activities were estimated based on the mean of three experiments.

  Mutation    Localisation   Relative activity
  ----------- -------------- -------------------
  Wild type                  100
  R175A       +2             0.1 ± 0,02
  P62G        Loop 1         0.2 ± 0,05
  Q59A        −1             2.2 ± 0,4
  W67A        −2             2.4 ± 0,3
  E43D        −1             5.4 ± 0,8
  F99A        −1             6.1 ± 0,75
  N42G        −1             7.1 ± 0,5
  I70A        −2             38.9 ± 2,3
  M41A        --             56.2 ± 3,8
  D298A       --             59.7 ± 5,6
  N265A       +1             72.9 ± 4,1
  R295A       --             84.6 ± 3,9
